We propose a theory of chiral fermion dark matter (DM) with an isospin-3/2 fermion of a dark sector SU (2) D gauge symmetry, which is arguably the simplest chiral theory. An isospin-3 scalar breaks SU (2) D down to a discrete non-Abelian group T and generates the DM mass. The SU (2) D gauge symmetry protects the DM mass and guarantees its stability.
Introduction
The necessity for having a particle dark matter (DM) candidate is a compelling reason for physics beyond the Standard Model (SM). There are indeed a variety of DM models in the literature. (For a review of WIMP dark matter candidates see Refs. [1, 2] .) If the DM is thermally produced in the early Universe, then its mass should lie in the range O(10) GeV -O(100) TeV to explain the measured value of the DM energy density by the freeze-out mechanism. Why the DM mass lies in this range is an open question, with many DM models assuming this as an input. In the supersymmetric (SUSY) extension of the SM, the MSSM, assuming R-parity, the lightest SUSY particle is a candidate for thermal WIMP, and its mass scale may be justified if SUSY is to provide an explanation for the gauge hierarchy problem [3] . The absence of any SUSY signature at the LHC thus far has prompted theoretical searches for well-motivated non-SUSY thermal DM candidates.
In this case a protection mechanism for its stability is needed, and it is highly desirable to have a symmetry-based mechanism to keep its mass in the O(10) GeV -O(100) TeV range.
Some of the proposed DM candidates, notably the "minimal DM models" [4] , do provide a mechanism for the stability of DM based on the SM gauge symmetry. For example, an SU (2) L quintuplet with zero hypercharge is absolutely stable and can explain the DM relic abundance if its mass is near 4.4 TeV [5] . However, such models do not explain why the DM mass is around 4.4 TeV.
With the DM candidate being a vector-like fermion under the SM gauge symmetry, its mass could have been much higher in principle. This comment also applies to minimal DM candidates which are elementary scalars. (These minimal DM models are currently under stress from both direct detection searches [6] and indirect detection limits [7] .)
If the DM candidate is a chiral fermion under some gauge symmetry, its mass will be protected down to the symmetry breaking scale, just as the top quark mass in the SM is protected down to the electroweak scale. New fermions that are chiral under the electroweak symmetry (e.g: a fourth generation neutrino) are excluded as DM candidates, both from direct detection limits and from collider limits. Thus the DM must be chiral under a new gauge symmetry. In this paper, we propose what we believe is the simplest such possibility with the new gauge symmetry being SU (2) D and the DM fermion being dark isospin-3/2 representation of this gauge symmetry.
The isospin-3/2 representation of SU (2) D , a 4-plet, is the simplest chiral representation of the group that is anomaly free. Chiral theories are constrained by the requirement that they should be free of all anomalies. While the gauge group SU (2) is devoid of triangle anomalies, fermion representations are subject to the global Witten anomaly [8] which is determined by the quadratic index µ of the fermion representations. For representation I the quadratic index is given by µ = 2I(I + 1)(2I + 1)/3, from which it follows that for I = 3/2, µ = 10, which is an even integer. Representations with even µ have no global anomaly and are consistent gauge theories, while those with odd µ suffer from the Witten anomaly and are inconsistent. For example, an isospin-1/2 fermion will have µ = 1 which is anomalous. SU (2) theories with isospin-1/2 fermions must have them in even numbers, in which case bare mass terms can be written for all of them, making such theories vector-like. Similarly, a triplet fermion (with µ = 4) is allowed to have a bare mass term and is not chiral. Models with an isospin-3/2 fermion are the simplest choice which is anomaly free and chiral in the sense that one cannot write a bare mass term for it. Note that the singlet state obtained from 4 ⊗ 4 of SU (2) is antisymmetric, which makes its mass term forbidden.
Models based on SU (2) gauge symmetry with isospin-3/2 fermion have been studied in the context of dynamical supersymmetry breaking [9] which require chiral theories, as well as for realizing light sterile neutrinos [10] . Here we develop such a theory for explaining the DM content of the universe.
The chiral fermion will acquire its mass only after spontaneous symmetry breaking by the Higgs mechanism. The scale of this symmetry breaking will be assumed to be around the TeV scale, analogous to the SM Higgs mechanism, where the scale of symmetry breaking is near 100 GeV.
It is worth noting that anomaly free chiral gauge theory based on U (1), which may appear to be simpler, requires at least five fermion fields [10] [11] [12] [13] [14] , and is more elaborate. Chiral fermionic DM have been studied in the context of a new SU (3) × SU (2) gauge symmetry with fermion representations that are parallel to one family of SM fermions in Ref. [15] . We believe that the model of SU (2) D presented here is much simpler.
We have developed a theory based on SU (2) D gauge symmetry and isospin-3/2 fermionic representation serving as the DM candidate. The simplest way to generate mass for the fermion and the gauge bosons is by introducing an isospin-3 Higgs multiplet, a 7-plet. Since this theory is quite simple with very few parameters, it is rather constrained theoretically as well as from DM detection experiments which we outline. Partial wave unitarity in gauge boson scattering to scalar bosons sets an upper limit on the SU (2) D gauge coupling g D < 0.985. Fermion-fermion scattering to two scalar bosons limits the single Yukawa coupling of the model to be |y D | < 2.4. Two to two scattering in the scalar sector also sets stringent limits on the quartic scalar couplings of the theory. When combined, these internal consistency conditions lead to a predictive DM scenario.
In the single component fermionic scenario, we find the DM mass should be less than ∼ 280 GeV, except in regions of resonant enhancement in the s-channel for the annihilation cross section. Since the isospin-3 Higgs multiplet leaves a non-Abelian discrete symmetry T intact, for some range of mass parameters the model predicts a two-component DM scenario with the fermion as well as the lightest T -nonsinglet boson contributing to the relic abundance. We map out the regions of parameters consistent with this scenario.
The rest of paper is organized as follows. In Sec. 2, we describe the chiral DM theory setup.
Various theoretical constraints on the parameters of the theory are derived here. In Sec. 3, we study the DM phenomenology of the theory. Here we show that the single component fermionic DM should be lighter than ∼ 280 GeV unless its annihilation relies on h resonance, where h is a singlet scalar, remnant of the SU (2) D symmetry breaking. We also map out the parameter space of the theory with two-component DM in this section. We devote Sec. 4 for our conclusions.
SU (2) D Theory of Chiral Fermion DM
As motivated in the Introduction, we extend the SM by a dark sector gauge symmetry SU (2) D .
The fermion content is very simple, an isospin-3/2 multiplet ψ, which is a SM singlet. The Higgs sector is also simple, with an isospin-3 multiplet φ, also a SM singlet. These fields are parametrized as:
Because the 7-plet is a self-dual field, its components are subject to the following relations:
The Higgs potential for φ (and the SM doublet Φ) admits a minimum where Imφ 2 ≡ − v D √ 2 = 0, Reφ 2 ≡ 0, and φ j = 0 for j = 2. In this vacuum, SU (2) D is broken down to T which is the double covering group of A 4 [17] [18] [19] . In the absence of half-integer representations, a 7-plet would have broken SU (2) D down to A 4 , but in our case the full theory has a fermionic 4-plet, which imples that the surviving symmetry is T . This unbroken T plays a crucial role in DM phenomenology. Under T , a 4-plet decomposes as 4 = 2 + 2 , while 7 = 1 + 3 + 3. The vacuum expectation value (VEV) of φ generates eqaual mass for the three gauge bosons, which trasform as a 3 of T . The Higgs sector will consist of a physical 3-plet, a Goldstone 3-plet and a T singlet h (apart from the SM Higgs boson Φ, which is also a T singlet).
One could have considered achieving SU (2) D symmetry breaking via other Higgs representations. It is economical if this Higgs also provides the 4-plet fermion a mass. The choice for the Higgs is then narrowed down to either 3-plet or 7-plet. A Higgs triplet would leave an unbroken U (1), which would result in dark radiation in the early universe, which is excluded by BBN and highly constrained by Planck data [16] . Using two copies of triplet Higgs is possible, but that would introduce more parameters than the use of a single 7-plet of Higgs.
The stability of the DM candidate in the theory can be understood as follows. Since there is no mixing between ψ and the SM fermions, fermion number conservation would imply that ψ is stable. Furthermore, the lightest of T non-singlet particle should be stable, as T is an unbroken discrete gauge symmetry. The fermions from the 4-plet may be the lightest T non-singlet fields, as they transform as 2 + 2 under T . In this case the fermions which have a common mass is the only DM candidate. It is also possible that the fermion is heavier than either the gauge boson multiplet, or the physical Higgs multiplet, both of which transform as 3 of T . In this case we realize a two-component DM, with a fermion and a boson. We shall analyze the DM phenomenology of both scenarios.
We note parenthetically that a 7-plet of Higgs could also break SU (2) D down to Q 6 , the double cover of D 3 [17] [18] [19] . However, if we adopt this breaking chain, we found that two of the components of the fermions would remain massless, which is excluded by BBN and Planck data [16] . Thus we restrict to our scenario of SU (2) D → T .
The Yukawa interaction terms of the dark sector in the theory are given by
The coefficients here are determined by the standard Clebsch-Gordan decomposition. A bare mass term for the fermion is forbidden (since 4 ⊗ 4 yielding a singlet is antisymmetric) and thus ψ acquires its mass from the Yukawa interaction terms after the 7-plet scalar field develops its VEV.
The scalar potential of the model is given by
where Φ is the SM Higgs field. The construction of the λ 1 term is trivial. We construct the λ 2 term from the 5-plet obtained from two 7-plet fields,
We can also construct other quartic terms, but it can be shown that they are linear combinations of the λ 1 and λ 2 terms.
We assume the vacuum structure of the Higgs fields to be Imφ 2 ≡ − v D √ 2 = 0, Reφ 2 ≡ 0, and φ j = 0 for j = 2. We also assume that Φ breaks SU
The mass parameters in the scalar potential and the VEVs are related by
In this vacuum, SU (2) D is broken down to T , which is the double covering group of A 4 [17, 18] .
The 7-plet scalar decomposes as 3+3+1 under T or A 4 .
After the Higgs fields develop VEVs, the scalar sector contains a massless T -triplet, a massive T -triplet, and two massive T -singlet fields. The three massless fields are would-be NG bosons that are eaten by the SU (2) D gauge bosons. The mass eigenstates of the triplet fields are given by
10)
where π j are the would-be NG bosons. The squared mass of the H j triplet is given by
We define σ 7 field as
The mass terms for the T -singlet scalar fields are given by
where σ is the CP-even scalar field in the SM-Higgs doublet. We define h, h , and θ by
The masses of the h and h are related to the mass matrix by
The three SU(2) D gauge bosons, which form a T triplet, acquire a common mass from the 7-plet VEV given by
where g D is the SU(2) D gauge coupling.
The 4-plet fermion acquires its mass from the Yukawa interaction terms of Eq. (2.4) as
As can be seen, there are two Dirac fermions after the SU(2) D symmetry breaking. Their masses are equal and are given by
These Dirac fermions are T -doublets. Note that there is no 4-dimensional irreducible representations in T , and thus the 4-plet fermion field is decomposed into irreducible representations as 4 = 2 + 2 . We find that the following chiral fermions are doublets of T :
where
The Dirac fermion and its charge conjugate are constructed from ψ 2 and ψ 2 as
where j is the index for T . We find that Ψ and Ψ c transform as 2 and 2 , respectively, see
Appendix A for more details. The charge conjugate of Ψ is needed to write down all the interaction terms as shown in the Appendix D.
Parameters of the theory
There are eight parameters in the dark sector plus the SM scalar sector:
Instead of these parameters, we use the followings as input,
Using these input parameters, the other parameters can be written as follows:
It is important to know the region of parameter space where the couplings are within the perturbative regime. We assume that the Higgs mixing angle θ is small in order to avoid LHC constraints on the Higgs coupling strengths as well as limits from DM direct detection experiments. For small θ, λ HΦ is suppressed by θ and its absolute value is much smaller than unity in most regions of the parameter space. Similarly, λ has almost the same value as the Higgs quartic coupling in the SM for small θ. The other parameters, λ 1 , λ 2 , and g D can take values larger than unity if the mass differences of the particles in the dark sector are large. We turn this argument around and constrain the mass differences by requiring perturbative values of these couplings.
Perturbative unitarity constraints
We first focus on perturbative unitarity limits on the quartic scalar couplings of the theory.
High energy two-to-two scattering amplitude can be expressed as
We consider the processes that only contains the 7-plet field in both initial and final states. There are 28 combination of the states for the initial and final states, given by:
Therefore, the s-wave amplitude a 0 is a 28 by 28 matrix. We calculate eigenvalues of a 0 and use the maximum eigenvalue, |Re(a max 0 )|, to derive a constraint on λ 1 and λ 2 from perturbative unitarity (PU) [20] :
We find four independent eigenvalues, and the PU bound is given by
The third eigenvalue is the largest in most regions of the parameter space due to the large numerical coefficients. The corresponding eigenvector is given by
Now we turn to the perturbative unitarity (PU) limit on the SU (2) D gauge coupling g D . It is possible to obtain such a bound from φφ → V V scattering channel, where V is a transversely polarized vector boson. If φ is an SU(2) real n-plet scalar field, the PU bound on the gauge coupling is given by [21] 
Applying this result to n = 7, we find
This is a stringent bound for the single component fermionic DM, as we discuss later.
We also study Ψ i
where i and j are the indices for T , and h and h are twice the helicity of each fermion. We consider the s-wave amplitude in the high energy limit and take the T singlet state for the initial and final states, which is proportional
does not contain the singlet state in the high energy limit. We also find that M ab i+,j+ and M ab i−,j− are suppressed by O(m/ √ s) in the high energy limit.
For the other helicity combinations, we find
Since the final state contains identical particles, we impose |a 0 | < 1 √ 2 and obtain the limit
Boundedness of the potential
The scalar potential should be bounded from below. Here we discuss the boundedness conditions of the scalar potential in the large field value regime and give constraints on the quartic couplings.
It is easy to see that λ should be positive by checking the boundedness of the potential for φ = 0.
It is also easy to find the condition on λ 1 because the λ 2 term has flat directions. For example, the λ 2 term vanishes for φ 1 = φ 2 = 0 and |φ 3 | = 2 5 φ 0 . Along this direction with Φ = 0, the λ 1 should be positive for the potential to be bounded from below. Other necessary and sufficient conditions are obtained after some algebra. We find these conditions to be 1 λ >0, (2.48) 
This inequality is always satisfied in our minimum. Therefore, the scalar potential is always bounded from below and poses no new conditions.
Dark matter phenomenology
In our setup, several particles are in the non-trivial representations of T . As we have discussed, spin-independent cross section (σ SI ) is proportional to sin 2 (2θ). As we shall see, small θ is required to avoid the constraint from the Xenon1T experiment [6] .
Single component fermionic DM
We first consider the case where the DM candidate is a single component fermion. This scenario is realized when 2m DM < m H , m V . First, we investigate the case when
where the upper bound on m Ψ is determined to allow the triplet fields to decay into Ψ. For this case, a DM pair can annihilate into hh and h h . Since the Ψ-h coupling is not suppressed by θ, the dominant annihilation channel is ΨΨ → h h . The annihilation processes are shown in Fig. 1 . Therefore, the model in this parameter regime can be classified into the secluded DM [24] . This annihilation process is essential to obtain the right amount of DM energy density. Figure 2 shows Ωh 2 for m h = 100 GeV, θ = 0.01, m V = 2.1m Ψ , and m H = 2.1m Ψ . The measured value of the DM energy density is Ωh 2 = 0.1198 ± 0.0012 [16] . We find that the right amount of the DM relic density is obtained in a wide range of DM mass. This is because the pair annihilation process of DM into h h is efficient. We also show the constraint from DM direct detection by the Xenon1T Smallish θ is required for lighter h to avoid the constraint from the Xenon1T experiment.
However, h and Ψ do not thermalize with the plasma if the mixing angle θ is too small. There must be a lower bound on θ for the thermal relic scenario. We estimate it by comparing the interaction rate Γ = n h σ h h →hh and the Hubble constant in the early universe and find that |λ Hφ | should be larger than O(10 −7 ). In the top-left panel in Fig. 3 , |λ Hφ | < 10 −7 is in the right side of the dashed straight line. The curve for the correct relic abundance is on the left side of the dashed straight line. In the other panels, we find that |λ Hφ | is much larger than O(10 −7 ). Therefore, we can assume h and Ψ are in the thermal equilibrium in most of the parameter space.
For m DM < 100 GeV, the indirect detection experiments might give constraints. The dominant annihilation process of the DM pairs is ΨΨ → h h . This annihilation process is p-wave, see for example Ref. [25] . Therefore, σv ΨΨ→h h in the current Universe is smaller than the upper bound from experiments. We calculate it by using micrOMEGAs and find that σv 10 −29 cm 3 /s. This is much less than the bound from the Fermi-LAT collaboration [7] , O(10 −26 ) cm 3 /s. Therefore, there is no constraint from the indirect detection experiments. We cannot expect that h is in thermal equilibrium with the SM particles in the right side of the dashed straight line.
annihilate only into the SM particles. Figure 5 shows the Ψ-nucleon spin-independent scattering cross section as a function of the DM mass for a given parameter set. Here we fix y D to obtain the measured value of the DM energy density. We find that θ should be small to avoid the constraint from the Xenon1T experiment. This is because the Ψ-nucleon scattering cross section is induced by the h and h exchange diagrams and thus is proportional to sin 2 2θ. For θ O(10 −3 ), it is possible to test this model in ongoing and future direct detection experiments Xenon1T [26] , LZ [27] , and DARWIN project [28] that pattern is excluded by the XENON1T experiment [6] . In the gray shaded regions with "\\\" hatched pattern is excluded by the PU bound on λ 1 and λ 2 . In the red shaded regions with "////" hatched pattern is excluded by the PU bound on g D . plan to reach down to the neutrino floor. In the upper-left panel, three curves overlap with each other at m DM m h /2. However, we find that they do not satisfy the PU bound for θ < 0.01.
In that panel, the region for m DM < 57 GeV is excluded by the constraint on the Higgs invisible decay [29] . For m h 200 GeV, we have to rely on the funnel region (m DM m h /2) to obtain the measured value of the DM energy density.
It may be worthwhile to compare DM in this theory with other simple dark matter models, such as the scalar singlet DM model [30] [31] [32] , the inert doublet DM model [33, 34] , and the singletdoublet DM model [35] [36] [37] [38] 40] . Apart from the resonant region, our theory is viable only for m DM < 280 GeV. For this mass range, the singlet scalar DM model and the inert doublet DM model are viable only at the Higgs funnel region, m DM m h /2 [39] . The singlet-doublet DM model is viable for this mass range by using the blind spot [40] or the CP violating dark sector [39, 41, 42] .
In the latter case, electric dipole moments are predicted and which is a feature different from our scenario. 
Conclusions
In this paper, we have proposed a simple theory of chiral fermionic dark matter. It is motivated by a desire to explain the scale of the DM mass as well as its stability. Thermal DM should have a mass in the range O(10) GeV -O(100) TeV in order to explain the DM energy density by the freeze-out mechanism. Most DM models take the mass scale as an input. The chiral DM theory presented here links the DM mass to the scale of a dark sector SU (2) D gauge symmetry breaking.
The chiral fermion is 4-plet representation under the gauge symmetry. This theory is perhaps the simplest chiral theory that is free of anomalies. A scalar 7-plet field is introduced to achieve spontaneous symmetry breaking and generate mass for the chiral fermion DM. After the scalar field develops a VEV, a discrete non-Abelian symmetry T remains unbroken. Consequently, the theory admits a two-component DM scenario, with one component being the chiral fermion, and the other being the lightest of T non-singlet boson.
We have studied the internal consistency requirements of the theory. Perturbative unitarity constrains the gauge coupling g D , the Yukawa coupling y D , as well as the quartic scalar couplings.
In the single component fermionic DM scenario, we find that the measured value of the DM energy density is explained for m Ψ 280 GeV and m h 200 GeV, or for m Ψ m h /2. To avoid the constraint from the Xenon1T experiment, the Higgs mixing parameter θ should be small. If θ O(10 −3 ), we have a chance to see DM signals at DM direct experiments in the near future.
We have also investigated the two-component DM scenario, where both bosonic and fermionic DM particles exist. In this case, we find a larger region of viable parameter space.
where X j = π j , H j , and V j µ in this model. These transformations are the same as the transformation of triplets in A 4 . The transformation rules of 2 and 2 are r : ψ 2 → −ψ 2 , ψ 2 → −ψ 2 , (A5)
where p = exp i π 4 ,p = exp −i π 4
, ω = exp i 2π 3 .
(A8)
B Explicit expression of the scalar potential
The quartic couplings in the scalar potential have the following expanded form when expressed in terms of mass eigenstates: 
where X · X = 3 j=1 X j X j .
(B2)
C Explicit expression of the scalar kinetic term
The scalar kinetic term is written by the component fields as
D Explicit expression of terms involving the Dirac fermion
Using the Dirac fermions, terms in the Lagrangian with the fermion field can be written with the Dirac fermion fields as
